INTRODUCTION
Impaired upper extremity function is a highly disabling consequence of cervical spinal cord injury (SCI), rated above the loss of walking, sexual function and continence control by patients and care-givers alike (1, 2) . Surgical improvement of elbow extension and grip function has the potential to enhance the independence and mobility of affected individuals, and considerably reduce the very high costs of treatment in approximately 70% of tetraplegic individuals (3) (4) (5) (6) . The safety and reliability of these techniques have been confirmed in numerous clinical series of patients affected by traumatic tetraplegia, mostly caused by traffic, sport or diving accidents (7) (8) (9) (10) . However, a considerable proportion of tetraplegia derives from non-traumatic (NT) sources, such as spinal canal stenosis, tumours, haemorrhage, ischaemia, viral or bacterial infections, skeletal disease and other causes (8, (11) (12) (13) (14) .
Surprisingly, almost no information can be found in the literature on the efficacy of tendon transfer and joint stabilization procedures in this group, which represents a considerable and increasing proportion of spinal-injured rehabilitation admissions. Furthermore, patients with NT SCI have quite different characteristics compared with the majority of the post-traumatic tetraplegia population regarding age and gender distribution, type of paralysis, life situation and socio-economic factors. These differences may influence patient selection, surgical methods, clinical outcome and patient satisfaction regarding such a reconstruction (8, (10) (11) (12) (13) (14) (15) . The aim of this study was to determine whether patients with NT cervical SCI may also benefit from surgical rehabilitation of their paralysed upper extremities.
MATERIAl AND METHODS

Patient demographics
This study included evaluations of 14 upper extremity reconstructions in 11 patients (7 women, 4 men) with mean age at injury of NT SCI of 49 years (standard deviation (SD) 12) (range 29-63 years). There were 10 tetraplegic patients and 1 walking patient with paralysis confined to her right hand. Incomplete injuries were seen in 6 cases. Arm and hand paralysis occurred due to intra-spinal tumours (n = 2), ischaemia (n = 3) or haemorrhage (n = 2), 1 infection (Guillain-Barré syndrome), 1 syringomyelia with tethered cord syndrome and 2 unclear spinal cord damages without trauma. The mean time since the onset of tetraplegia due to NT SCI was 4.0 years (SD 5.7) (range 0.7-20 years). The International Classification (Table I) of the patients' upper extremity motor functions ranged from OCu0 to OCu8, 6 patients were categorized as exceptional paralysis pattern (IC group X) (Table II) .
Measurements
Preoperative evaluation included sensory testing, measurements of joint range of motion and grading power of triceps and all muscles below the elbow to categorize each upper extremity. Key pinch strength (kg) was quantified by a Preston pinch gauge (Fabrication Enterprises Inc., White Plains, NY, USA). Grip strength (kg) was measured by Jamar Hand Dynamometer (North Coast Medical, Gilroy, USA), and the maximal distance between the thumb and index finger (cm) was measured using a ruler. Three of the patients (numbers 7-9) were operated before 2002, when measurements of key and grip strengths were performed using different methods. Therefore, these values are not included in the outcome data set. All patients were followed up routinely at 4 weeks, 6 months and 1 year postoperatively. Overall hand function could be evaluated prospectively in 5 individuals (7 hands) by Sollerman test consisting of 20 different tasks of daily living (15) . Performance of each task ranges from 0 to 4 points according to the grip type used by the patient and the time necessary to complete it. A person with unimpaired hand function usually achieves a maximum of 80 points on the dominant and approximately 78 points on the non-dominant side. Most exercises are performed with one hand, and only a few bimanually, for example putting a clip on an envelope or using knife and fork. Thus, each side has to be tested separately, which allows better evaluation of improvement after surgery. 
Statistical methods
Group data are presented as mean (SD). Due to lack of Gaussian distribution of all parameters measured, the Wilcoxon matched-pairs sign rank test was applied to compare differences in preoperative and postoperative median values, respectively. A p-value less than 0.05 was considered significant.
RESUlTS
There were 7 unilateral and 4 bilateral reconstructions performed in 15 upper extremities of 11 patients. One hand reconstruction was excluded because the follow-up time was less than 12 months. Surgical procedures included restoration of elbow extension by posterior deltoid-to-triceps transfer in 1 case, 1 passive key pinch by flexor pollicis longus (FPL)-tenodesis to the radius, active key pinch by brachioradialis (BR)-to-FPl transfer in 10 cases, restoration of global grasp by extensor carpi radialis longus (ECRL)-to-flexor digitorum profundus (FDP)2-4 transfer in 8 patients, activation of thumb abduction by EDM-to-APB transfer in 3 patients, distal thumb tenodesis in 10 patients, thumb CMC arthrodesis in 3 cases and intrinsic balancing using either the House or Zancolli plasty in 6 cases (Table II) . All parameters (key pinch and grip strength, opening of hand and manual dexterity) improved significantly (p < 0.05) after surgery and rehabilitation compared with preoperatively (Table III) . Anti-gravity elbow extension graded M3+ was restored in one patient. The 2 clinical cases below detail some of the technical data for the surgery performed, together with functional and activity-related gains in daily living.
Case 1
A 62-year-old female patient, who was single and living alone, sustained a NT SCI due to a spontaneous spinal haemorrhage. Her right upper extremity was categorized as IC group OCu 2, and her left as group OCu 0. Functional reconstructive surgery was performed 5.7 years after her SCI on her right upper extremity including restoration of active key grip (BR-to-FPl), active thumb abduction (EDM-to-APB), thumb stabilization (FPl split tenodesis) and at a later stage reconstruction of active finger extension (PT-to-EDC). She achieved a key grip of 2.0 kg, a grip strength of 10.0 kg, and an increase in active thumb-index-opening by palmar thumb abduction from zero to 10 cm, her manual dexterity improved markedly, as measured by the Sollerman test, from 26 points preoperatively to 55 points postoperatively. Improvement occurred within 1 year following reconstruction.
Case 2
A 42-year-old man with severe neurological impairment in both arms and legs due to syringomyelia at C4 level and tethered spinal cord syndrome approximately 20 years ago, both his upper extremities were grouped OCuX. He underwent simultaneous restoration of active finger and thumb flexion, intrinsic hand function and passive finger and thumb extension in his left hand. His key pinch increased from zero to 3 kg. He was extremely satisfied with the result, especially because he had regained precision thumb-index-grip ability, which allowed him to manipulate his pills independently.
DISCUSSION
This study demonstrates that surgical reconstruction of hand and upper limb function after non-traumatic spinal cord injury with tetraplegia is beneficial. The timing of intervention does not seem to be a factor. In spite of the relatively high mean age of our patients, their overall key pinch strength of 2.1 kg (SD Table III 0.87) corresponded very closely to the mean grip strength of 2 kg reported in a recent meta-analysis of 21 studies including 377 pinch reconstructions (17) . Furthermore, clinical studies have demonstrated that training programmes can strengthen hand muscles of elderly individuals (18) . Notably, the prospective Sollerman testing showed a marked increase in manual dexterity in all 5 prospectively tested individuals. Upper extremity function is, apart from the brain, the most important functional resource of tetraplegic patients and is judged to be the most desirable ability to regain after cervical SCI before bowel, bladder, sexual function, or walking ability (1). Restoration of elbow extension provides tetraplegic patients a larger hand work space and enables them to groom themselves, operate manual wheelchairs and drive cars. Improved hand function eliminates the need for adaptive equipment for eating, personal care, catheterizing, and many other activities of daily living (5) (6) (7) (8) . Surgical rehabilitation of arm and hand function is a powerful tool to enhance upper extremity function, and consequently autonomy and self-esteem, in tetraplegic patients, and allow them to regain meaningful roles and productive work.
Many case series have reviewed the outcomes of these procedures in patients with traumatic tetraplegia. In general, this group consists of young males injured by accidents in traffic or sports, violence or falls. Unfortunately, the NT SCI population appears to have been widely ignored despite its large population. NT aetiologies represent a significant proportion of the overall group of SCI, ranging from 20% to 52% in recent studies, while in older studies even higher rates and annual incidences of up to 8 per 100,000 rates were reported (7) (8) (9) (10) 19) . This study investigated the results of surgical rehabilitation of patients with lost upper extremity function due to NT SCI at the cervical level. Although it was a small series of 14 extremity reconstructions in 11 patients, it represents the only study targeted at this specific population. Moberg (20) in his classic monograph did not mention NT tetraplegia, while in their book Hentz & Leclercq (9) listed various types of NT SCI, yet did not give any single report of a reconstruction in such a patient. Researching the literature, we found 2 previous reports on functional surgery in NT tetraplegia. One patient operated in our unit (patient number 5) was mentioned in a series of flexor pollicis longus distal thumb tenodesis, but no details of the overall surgical concept and result of the bilateral reconstruction were given (21) . landi and co-workers (22) reported a highly exceptional case of a boy with incomplete paralysis after transverse myelitis in whom upper extremity surgery ultimately led to deterioration of his overall functional level. Various reasons may explain this paucity of data regarding functional restoration of upper extremity function in NT SCI. First of all, these techniques are in general greatly neglected. For example, less than 10% of appropriate candidates receive optimal treatment of their upper extremities according to an epidemiological study from the USA (23). The reasons for this underutilization of proven surgical techniques are varied and complex. After patients shift from acute care into long-term non-surgical care, our fractionated healthcare system is poor at transferring them back into the surgical realm for non-acute conditions (7).
Curtin and co-workers (24) suggested that "the biggest barrier to increased use of these procedures is the inadequate referral network between surgeons and physiatrists". Physiatrists who primarily care for these patients mostly have little exposure to tetraplegia surgery during their training and therefore lack adequate information to pass on their patients. Consequently, many patients are unaware that surgery is available to help them, or are saturated with medical intervention, and have inadequate support systems or poor perception of surgical outcomes (7) . These barriers to transferral may be even higher in NT patients due to factors such as specific demographics, clinical presentation and rehabilitation outcomes, which influence the implications for management (25) .
Overall, compared with traumatic SCI, individuals with NT SCI tend to be older, are more likely to be female, married and retired (8, 11) . It can be speculated that, due to better social support, e.g. by spouse and family, the need for surgical rehabilitation may be rated lower in NT patients, compared with the individual with traumatic tetraplegia, who is 80% male, single, and most commonly in the age group ranging between the 2 nd and 4 th decade of life (12) (13) (14) . It is possible for healthcare professionals to underestimate the rehabilitation potential of older adults, also as older patients have higher mortality and increased medical complication rates (26, 27) . However, most investigations have not found a discernible relationship between age and functional independence after spinal cord injury (28) (29) (30) , while some investigators have even suggested that older patients with cervical injuries may have a more favourable prognosis for functional outcome (29, 31) . However, researchers have documented a substantially increasing incidence of tetraplegia, complete or incomplete, among patients aged over 45 years and more than 20% of all spinal cord injuries occur in persons who are 60 years or older (27) (28) (29) (30) . Although Moberg (20) stated "It is never too late. Age is not a contraindication, my oldest patients were over 60", few reports exist on the increasing number of patients of advanced age who seem to profit rarely from upper extremity reconstruction or may even be precluded due to age bias. Muscle force decreases by 15% per decade from the age of 50 to 70 years, resulting in a loss of motor neurones, motor units, muscle fibres and mass and interosseous and thenar muscle atrophy (28) . Even decades after the spinal cord injury, most rewarding results of surgery were achieved in elderly patients, a subgroup which is certain to grow in the future (32) .
Regarding the pattern of paralysis, various studies suggest that, compared with traumatic spinal cord lesions, NT SCI is more likely to be incomplete and is more likely to cause paraplegia than tetraplegia. Summarizing the results of 3 larger studies, 58-64% had incomplete paraplegia, 32-34% incomplete tetraplegia incomplete, 9-11% complete paraplegia complete, and 0-2 % complete tetraplegia (11) (12) (13) 33) . Awareness of NT patients as potential surgical candidates may be low, as most published reports dealing with rehabilitation of the upper limb in tetraplegic patients have focused on complete traumatic injury of the cervical spinal cord. For example, the generally accepted International Classification of Functioning, Disability Upper extremity reconstruction in non-traumatic tetraplegia and Health system derives from observations of patients with American Spinal Injury Association (complete) lesions. A total of 7 of the extremities in our study were categorized as exceptional (group X) due to incomplete injury. Those patients, with a more complex functional loss often demonstrate various degrees of spasticity and muscle-joint rearrangements (10) requiring a more individualized approach than the algorithmic approach based on the International Classification in complete injury patients. Unfortunately, treatment decisions are less straightforward, because muscles lacking normal excitation parameters perform less reliably after transfer and, may not be so readily adapted to the patient with a severe, but still incomplete, lesion (34) . The incompletely injured patient may more often need preoperative therapy or surgery to correct certain sequelae of the injury, above all joint contractures. In complete tetraplegia it is generally recommended to operate first on the arm with the greatest potential in order to make this the dominant one. Incompletely paralysed patients may present with one almost normal side and may be ambulant and functioning at a high level, showing a monoplegia-like pattern, and the value of surgery for their affected side may be questioned. On the other hand, by having an essentially normal arm, they are far less impaired by postoperative immobilization and rehabilitation than patients with complete injury, who might need to use a powered wheelchair during and beyond the postoperative period. Finally, there might not be the same level of motivation and dedication following surgery when the goal is only to improve somewhat the less important side. However, small improvements can also be experienced as great progress, such as in our monoplegic patient who showed greatly improved precision grip functions after restoration of palmar abduction and interphalangeal tenodesis of her right thumb (35) .
In summary, while NT patients with incomplete cervical spinal cord injuries are challenging for the reconstructive surgeon, they benefit from individualized evaluation, planning and carefully executed operations.
In conclusion, individuals with stable NT SCI, although they differ from those with traumatic SCI regarding demography and injury patterns, can benefit in the same way as traumatic cases from surgical rehabilitation of their upper extremities. This study of patients with a loss of upper extremity function due to NT SCI reveals the wide spectrum of surgical techniques to restore basic arm and hand function (36) , and indicates that selected individuals with NT spinal cord lesions may benefit from these operations in the same way as patients after traumatic paralysis.
